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Abstract: For better planning of a managed aquifer recharge (MAR) project, the most 
promising strategies should analyze the environmental impact, socio-economic efficiency, 
and their contribution to the existing or future water resource conditions in the region. The 
challenge of such studies is to combine and quantify a wide range of criteria from the 
environment and society. This necessity leads to an integrated concept and analysis. This 
paper outlines an integrated approach considering environmental, health, social and 
economic aspects to support in the decision-making process to implement a managed aquifer 
recharge project as a potential response to water resource problems. In order to demonstrate 
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the approach in detail, this paper analysed several water resources management strategies 
based on MAR implementation, by using treated wastewater in the Northern Gaza Strip and 
the potential impacts of the strategies on groundwater resources, agriculture, environment, 
health, economy and society. Based on the Palestinian water policy (Year 2005–2025) on 
wastewater reuse, three MAR strategies were developed in close cooperation with the local 
decision makers. The strategies were compared with a base line strategy referred to as the 
so-called “Do Nothing Approach”. The results of the study show that MAR project 
implementation with treated wastewater at a maximum rate, considered together with 
sustainable development of groundwater, is the best and most robust strategy amongst those 
analyzed. The analysis shows the defined MAR strategies contribute to water resources 
development and environmental protection or improvement including an existing eutrophic 
lake. The integrated approach used in this paper may be applicable not only to MAR project 
implementation but also to other water resources and environmental development projects. 
Keywords: managed aquifer recharge; impact assessment; wastewater reuse; decision 
support; multicriteria analysis; Northern Gaza 
 
1. Introduction 
Nowadays, managed aquifer recharge (MAR) is considered as an integral part of integrated water 
resources management (IWRM). Like the IWRM concept, the interaction of MAR with other sectors of 
the water resources system, society, and natural processes is inherently strong [1]. Several researchers 
e.g., [2,3] mentioned that like other IWRM projects, the most promising MAR strategy should study the 
environmental impact, socio-economic efficiency, and their contribution to the existing or future water 
resources problem in the region [3]. Proper investigation and planning of MAR projects is important for 
successful application and can lead to significant risk reduction (e.g., environmental, health) and overall 
project cost reduction by potentially reducing uncertainties during project implementation. Again, proper 
planning requires impartiality and transparency in the evaluation of MAR options, considering explicit 
assessment of feasibility and cost-effectiveness [4]. Up until now, very few research studies have 
performed an extensive integrated study that consider the potential impacts on the environment, health, 
economy and society due to MAR project implementation and which select the best project option after 
intensive impact assessment [5]. 
The Gaza Strip, located on the eastern coast of the Mediterranean Sea, is a region facing severe water 
resources problems [6]. Due to the hot and dry climate, little surface water is available. Water supply 
relies mostly on groundwater resources located in the Northern Coastal Aquifer of Gaza [7]. The Beit 
Lahia Wastewater Treatment Plant (BLWWTP), located at Northern Gaza Strip, has been dysfunctional 
for some time now and is creating severe environmental, socio-economic and agricultural impacts for 
the public health and the environment [8,9]. A detailed description of the water resources problem at the 
North Gaza strip is given in Section 4.1. A three-phase 20-year project involving the construction of a 
new WWTP, called the North Gaza Wastewater Treatment Plant (NGWWTP), is planned to be located 
further to the south near the Israeli border (see Figure 1) [10]. The new wastewater treatment plant will 
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involve MAR of effluents [11]. The Palestinian Water Authority (PWA), along with international 
support, decided to use practical, already established MAR technologies such as infiltration ponds with 
Soil-Aquifer Treatment (SAT) to replenish the coastal aquifer in order to meet the continually rising 
demand of water for domestic, industrial, and agricultural use in this water-parched region [12–14]. 
Decision support is required to identify the best MAR project option to implement in the study area. 
Figure 1. Study area map showing the wastewater treatment plants. Data source [9]. Inset 
picture from Google Earth. 
 
In order to support the decision makers to plan the MAR project, this paper focuses on the impact 
assessment for several strategies for the implementation and operation of MAR in the Northern Gaza 
Strip. The strategies were quantitatively analyzed based on their potential impacts on agriculture, 
environment, health, society, and the economy. Finally, all strategies were compared to each other and 
ranked according to their ability to promote water resources development at the Northern Gaza Strip. In 
addition, this paper also describes the optimal MAR strategy of the candidates considered to sustain 
water resources and groundwater-dependent environment of Northern Gaza. 
2. Study Area 
With an area of 365 km2 and a population of roughly 1.6 million [9], the Gaza Strip is located on the 
southwestern part of historical Palestine at the Mediterranean Coast on the edge of the Sinai Peninsula. 
Precipitation varies between 200 and 400 mm/year, with an average of ca. 300 mm/year [6,15], and 
temperatures are generally high, ranging between 29 and 9 °C throughout most of the year [16], while 
97% of water used in Northern Gaza comes from the Northern Coastal Aquifer [7]. In this study, a part 
of North Gaza was selected for analysis and comparison of MAR strategies (Figure 1), which is referred 
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to in this paper as the “study area”. The study area was delineated based on the boundary selection 
process using a groundwater flow and transport model. This model simulates the spreading of infiltration 
water at the new infiltration ponds, which commenced at the beginning of 2008 and will continue  
until 2040. 
Geology and Hydrogeology of the Study Area 
According to [17], the Gaza strip is underlain by a series of geological formations from the Mesozoic 
to the Quaternary. The two main formations are called Tertiary formation and Quaternary formation. 
The Tertiary formation, a 1200 m thick layer, is composed mainly of Saqiya formation and it consists of 
clay, marl and shale [14,18,19]. The 160 m thick Quaternary deposits covers the Pliocene Saqiya 
formation. The overlying Pleistocene deposits “Lower Quaternary” consists of (1) Marine Kurkur 
Formation (10–100 m thick on the coast); (2) Continental Kurkur Formation (maximum thickness is 
about 100 m with often-calcareous cement, and Quaternary Deposits. The sand loess and gravel beds 
formation is considered the main formation of the Gaza strip [17]. A general geological cross section of 
the coastal plain can be found in a number of sources [17,20–22] and therefore is not included in this paper. 
The North Gaza aquifer is a part of the Coastal aquifer that extends north to south from Haifa to the 
Sinai Coast. The highly permeable shallow vadose zone is mostly sand and gravel [23]. Larger and more 
consistent clay layers at the coast and extending 2–5 km inland, divide the Coastal Aquifer into several 
confined permeable layers [23]. The hydraulic connection between groundwater in the different 
subaquifers and the sea is not well investigated [17]. Beyond this distance, to the east, the Kurkar  
Group comprises the unconfined aquifer [18,23]. The average thickness of the aquifer at the coast is 
150–200 m [23], whereas at the eastern border with Israel, the average thickness varies between 40 and 
50 m [18]. The low-permeability Saqiya Formation of tertiary age constitutes the base of the aquifer. 
The 1 km thick Saqiya Formation is composed of clay, shale and marl [18]. The transmissivity of the 
Gaza aquifer ranges between 700 and 5000 m2/d, corresponding hydraulic conductivity ranges between 
20 and 80 m/d. Specific yield and Specific storativity values are 0.1–0.3 and 1 × 10−4 per meter [19,24]. 
Rainfall is the main recharge component for the shallow aquifer unit in the study area. Aish et al., 
(2009) [20] estimated that the average annual recharge of the Gaza strip is 108 mm/year  
(39–40 Mm3/year). Around 1016 agricultural wells pump ca. 50 Mm3/year and 45 urban supply wells 
abstract approximately 42 Mm3/year. Irrigation return flow is considered as 30 Mm3/year [18]. In the 
Gaza strip, the groundwater abstraction from the drinking water wells constitute more than 50% of the 
net withdrawal [25]. In the northern part of Gaza, groundwater levels range from about 2 m above MSL 
at the eastern border with Israel to mean sea level along the shore [18]. A steep groundwater level 
gradient is seen at the southern part of the Gaza strip. The coastal aquifer possesses 5000 Mm3 storage 
of groundwater of variable quality of which 30% is fresh [26,27]. In North Gaza, the GWL in the centre 
of the area is lower than the other parts of the area. So, in this part of the coastal aquifer, the main 
groundwater flow direction is towards the centre of North Gaza [28]. Besides the water quantity shortage, 
groundwater quality related problems, especially chloride and nitrate contamination, have been 
mentioned by several researchers e.g., [18,19,29]. The existing monitoring network in the Gaza strip 
observes groundwater level, and measures nitrate and chloride concentrations. The network is not 
suitable for monitoring sea water intrusion [18]. 




An integrated approach was formulated in order to select the best strategy for MAR implementation. 
The approach is integrated in the sense that the study considered the impacts of possible MAR strategies 
on several sectors such as environment, health, economy and society. The sequential steps to select the 
best rank MAR strategy, a structured and sequential work flow was prepared, as shown in Figure 2. In 
general, the entire process involves three main steps to identify the best ranked MAR strategy: (a) water 
resources system analysis and strategy development (b) strategy ranking: criteria selection, impact 
assessment and criteria quantification, and (c) Multicriteria decision analysis (MCDA). 
Figure 2. Overall methodology of the study. 
 
The main objective of water resources system analysis (step-1) is to identify the main water resources 
drivers and pressures, and the potential responses to solve the impacts. Causal chain analysis using the 
Driver (D), Pressure (P), State (S), Impact (I) and Response (R), in short DPSIR, methodology [30,31] 
can be used at this step. Based on the pertaining water resources problem and the potential responses, 
water resources strategies are developed (step-2). The strategies should comply with the national water 
policy. In the third step of strategy ranking, relevant environmental, health, social and economic 
characteristics are selected. Each characteristic is defined as a criterion. The next step involves the 
decomposition of the ultimate goal into a hierarchy of several levels, following the principle of Analytical 
Hierarchy Process (AHP). The bottom level is the most specific criteria and the middle levels are more 
general criteria and can be called the “main criteria”. The criteria in the lowest level are related to the 
main criteria in the middle levels. All levels combined is the goal of the study—the best strategy for 
MAR implementation, and is positioned at the top of the hierarchy. The next step in the strategy ranking 
procedure is assigning values of relative importance for each criterion at all levels, which is done by 
assigning a weight to each criterion. The criteria under each main criterion are compared amongst 
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themselves and a weight is assigned to each one (step-4). The main criteria are also weighted in this way. 
The next step (step-5) is to quantify the relevant criteria, which is the main focus of the present study. A 
number of techniques, such as groundwater modelling, GIS and field surveys are available to quantify 
scores for the criteria. The quantification procedure depends on the type of criterion. After quantifying 
all criteria, an evaluation matrix is prepared at this step which is one of the principle components for 
ranking of alternatives. The final step (step-6), strategy comparison and ranking analysis, encompasses 
two multi-criteria analysis techniques: Weighted Linear Combination (WLC) and PROMETHEE II 
(Preference Ranking Organisation MeTHod for Enrichment Evaluations) method. 
The role of AHP, mentioned earlier, was to construct the hierarchy and to estimate the relative weight 
by pairwise comparison, after getting the preference information from the researchers, decision makers 
and stakeholders. Additionally, the role of WLC and PROMETHEE is to rank the alternatives. 
4. Water Resources Problem Analysis and Strategy Development 
4.1. Water Resources Problem Analysis (Step-1) 
With the aim to analyse the existing water resources problems of the study area, causal chain analysis 
using the DPSIR method was used. The DPSIR concept has been developed for describing interactions 
between society and the environment [31,32], starting from the assumption that there is an interaction 
between the two. The water resources problems of North Gaza were analyzed, decomposed, and 
structured in this method in order to find the potential response of the problem. In brief, the water 
resources system of North Gaza is affected by two main drivers: population and urbanization. These 
drivers cause certain pressures on groundwater exploitation, wastewater status, land-use change, 
salinization, etc. The causal chain analysis of surface water is negligible as there are no surface water 
resources in the area. The DPSIR analysis has identified four potential responses to the current water 
resources problem. Each response can be considered and studied independently as well as in combination. 
In this paper, we considered MAR as a potential response due to the following reasons: (1) the poverty 
level in Gaza is high and many cannot afford the costs of advanced water treatment or desalination 
(considered as innovative technology) [33]; (2) Treated wastewater reuse will complement the existing 
water resources and will improve the water supply for agriculture; (3) Use of reclaimed water for 
agriculture would make fresh groundwater available for domestic and industrial use. In this study, MAR 
is seen not only as a contribution for a solution to the water supply and groundwater quality issue, but 
also as a solution to the problematic effluent lake, located at Beit Lahia, as the use of the new infiltration 
pond would help to rehabilitate the old infiltration lake. 
4.2. Water Resources Strategy Development (Step-2) 
Based on the water resources problem analysis and considering the water resources management 
plans for the years 2005–2025 [2,5,9,10], the following four MAR strategies were established in this 
study (Table 1). 
The water management strategies based on MAR presented in Table 1 consider three phases in terms 
of wastewater resources development at the case study area. Strategy No.1 (Sc-1) represents the 
strategies if nothing has been changed with respect to the existing water resources structure and no 
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further planning is being considered. Strategy No.2 (Sc-2) is linked to the first phase. This phase 
considers the diversion of the water from the BLWWTP to the newly constructed infiltration basin, 
which is located close to the foreseen position of the new North Gaza Wastewater Treatment Plant 
(NGWWTP) at the Israeli border. The diversion of water will be accomplished via a pressurized pipeline 
and the effluents will then infiltrate into the aquifer. Strategy No.3 (Sc-3) considers the strategies if the 
diverted water will be treated in the NGWWTP and then infiltrated into the aquifer. The effluent quality 
is higher than that of the water used for infiltration in Sc-2. In Phase 3, the NGWWTP is designed to 
increase the treatment capacity of around 24 Mm3 per year in 2025. It indicates in Sc-3, the effluent 
water quality is better than that in Sc-2. Strategy No.4 (Sc-4) considers infiltration of this extra volume 
of treated water to the aquifer. Sc-2, Sc-3, and Sc-4 are considered as MAR management strategies. 
Table 1. MAR management strategies towards the development of water resources at the 
Northern Gaza Strip. 
Strategy  
No. 





in Year 2040 
Chloride/Nitrate 
Concentration in 
Recharge Water (mg/L) 
Sc-1 Do Nothing No MAR 0 557–887/20–107 * 
Sc-2 
Phase 1: Infiltration ponds 
and pipeline construction 
Use the water from the BLWTTP 13 250/19–43 
Sc-3 
Phase 2: Construction of 
the NGWWTP 
Infiltration of better quality water 
from the new treatment plant 
13 250/7.5–17 
Sc-4 
Phase 3: Extension of the 
NGWWTP 
Infiltration of better quality water 
and increase in infiltration volume 
from the new treatment plant. 
23.7 250/7.5–17 
Note: * in natural recharge. 
5. Criteria Selection and Quantification Procedure 
5.1. Criteria Selection (Step-3) 
A wide range of indicators are considered for the selection of criteria. The criteria were derived from 
the identified sectors of impact and emphasis was given to the availability of information to quantify the 
criteria. A total of 19 most representative decision criteria were selected in close cooperation with 
Palestinian researchers and authorities as well as further relevant stakeholders and were discussed with 
other international experts in related fields. Among the 19 criteria, six criteria represent environment 
considerations. They consider groundwater level, chloride and nitrate concentration averaged year  
2005–2040 and also in year 2040 alone. Four health criteria consider chloride and nitrate concentration 
at the domestic wells average 2005–2040 and also in year 2040 alone. Seven social criteria consider 
people’s acceptance, convenience, satisfaction with the water quality and quantity, employment and 
willingness to pay. Affordability to pay and net cost-benefit analysis were considered as economic criteria. 
Figure 3 shows the four-level hierarchical structure of the categories and criteria. AHP was used at 
this step. The AHP, proposed by [34], is a multicriteria analysis technique that enables the explicit 
ranking of tangible and intangible factors against each other for the purpose of decision-making or 
conflict resolution. It combines qualitative and quantitative approaches [35]. 
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Figure 3. Criteria selection and hierarchy. Italic numbers indicate the number of criteria 
associated to each item at the fourth level. 
 
Nineteen criteria were grouped into four main criteria groups such as environmental, health, social 
and economic. At the third level of the hierarchy, social, health, and economic criteria were grouped as 
“socio-economic” criteria. Socio-economic criteria and environmental criteria group combines the 
ranking of the strategies. 
5.2. Criteria Weighting (Step-4) 
The relevant importance of each criterion was defined in close cooperation with local scientists, 
decision makers and stakeholders. A participatory process was undertaken among the local stakeholders 
and experts. The participatory process includes scientific meetings, questionnaire surveys and 
workshops. Judgments of international experts were considered along with the weights from local 
experts and stakeholders. The pairwise comparison method, originally proposed by [34], was used to 
transfer the linguistic importance to numeric value and relative weights were estimated. The net cost and 
groundwater quantity were considered to be the most important criteria. All categories at level 2 and 
level 3 were considered as being equally important for MAR planning and management. 
5.3. Criteria Quantification (Step-5) 
The selected criteria were quantified using several state-of-art analysis techniques such as 
groundwater flow and transport models, field surveys, economic models, etc. 
5.3.1. Quantification of Environmental Criteria (Criteria 1 to 6) 
The selected environmental criteria refer to the groundwater quality and quantity status. These criteria 
were quantified by using groundwater-modelling techniques. A groundwater flow and transport model, 
developed in this case study using VISUAL MODFLOW (version 4.3, SWS, Vancouver, BC, Canada, 
2009) and its integrated modules, was used to quantify the six environmental criteria in this study. The 
detailed description of the flow model set up and model parameters together with calibration plot can be 
found in [28]. The transport parameters such as longitudinal and vertical transverse dispersivity were 
initially assigned values of 4 m and 1 m, respectively (according to [36]). Bulk density of water was 
considered as 1000 kg/m3. For Sc-2 and Sc-3, the infiltration starts in 2008 with 9.7 Mm3 of treated water 
and with an increase of infiltration by 0.08 Mm3 per year until 2012 and afterwards the infiltration 
volume remains 13 Mm3 until 2040. For Sc-4, the infiltration starts in 2008 with 9.7 Mm3 of treated 
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water and with an increase of infiltration by 0.08 Mm3 per year until 2040. During the analysis and 
quantification of all the strategies, the current water withdrawal for agriculture was assumed to be 
constant. Domestic water demand was assumed to increase (based on population growth), according to the 
estimated demand increase. The model was run until year 2040. Simulation results flow and transport 
modelling from years 2005–2040 were used to estimate Criteria 01, Criteria 03 and Criteria 05. Simulation 
results from flow and transport modelling at the end of year 2040 were used to quantify Criteria 02, Criteria 
04 and Criteria 06. 
5.3.2. Quantification of Health Criteria (Criteria 7–10) 
The four health-related criteria refer to the water quality status at the domestic water supply wells. 
Average chloride and nitrate concentration were considered at the places where the domestic wells are 
situated (Criteria 07 and Criteria 08). Criteria 09 and Criteria 10 were quantified by considering the 
average concentration of chloride and nitrate in the waters of the study area aquifer. The developed 
groundwater flow and transport model was also used to quantify the health criteria for the analysis.  
The water quality in the domestic wells depends on the quality of infiltrated water, quality of native 
groundwater and the seasons (winter and summer). These three aspects were considered in the model. 
5.4. Model Simulation for the Health Criteria Quantification for the Strategies 
5.4.1. Chloride 
Chloride was modelled as a conservative parameter and hence, no sorption or kinetic reaction was 
considered. The initial concentration, ranges between 40 and 2200 mg/L, of chloride was taken from the 
trend analysis in [37], considering the data from the years 1984–1998 [37,38]. The chloride concentration 
of the infiltrated water was considered to be the same as that in the wastewater lake at BLWWTP. The 
chloride concentration used in the model and during the entire modelling period was 559–857 mg/L for 
years 2004–2007 and 250 mg/L for years 2008–2040 in all strategies except Sc-1 [9]. For Sc-1, the base 
condition was maintained. The base condition considers the chloride concentration used in the simulation 
model from year 2000 to year 2003. The effect of chloride concentration changes as the volume of 
infiltrated water changes in different scenarios. 
5.4.2. Nitrate 
For nitrate simulation, equilibrium controlled linear isotherm was considered and no kinetic  
reaction was considered. Similar to chloride, the initial concentration, ranges between 5 and 370 mg/L, 
of nitrate was taken from the trend analysis from [37] and considered is the data from 1984 to 1998. The 
nitrate quality of the infiltrated water was calculated based on the quality of the infiltrated water, the 
infiltration process, and seasonal climatic conditions (after [37,38]) and where dilution and denitrification 
have been assumed to be the main processes for nitrate reduction in the model simulation. For Sc-1, a 
base condition was maintained throughout the entire simulation period. A base condition maintains the 
nitrate source, considering the same land use utilized in the simulation model 2000–2003. The nitrate 
concentration for Sc-2 used in the model and during the entire modelling period was 20–107 mg/L for 
years 2004–2007 and 19–43 mg/L for years 2008–2040. The nitrate concentration for Sc-3 and Sc-4 used 
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in the model and during the entire modelling period was 20–107 mg/L, 19–43 mg/L and 7.5–17 mg/L 
for the period of 2004–2007, 2008–2011, and 2012–2040, respectively. 
5.4.3. Quantification of Social Criteria (Criteria 11 and 17) 
A questionnaire survey was performed by the Palestinian Hydrology Group to get the social aspect 
of the MAR strategies [33]. The questionnaire was prepared in such a way that it includes criteria that 
would measure the anticipated level of convenience, perceptions on willingness to use the recharged 
water for different purposes and the fees that the user would be willing to pay for the supply and the 
expected level of satisfaction from the quantity and quality of water supplied from each option. A total 
of 76 questionnaires were filled out by the locals in the area [33]. The number of questionnaire was 
decided based on statistical analysis and population residing at the study area. 
5.4.4. Quantification of Economic Criteria (Criteria 18 and 19) 
In the present study, two economic criteria were considered. Affordability to pay (criteria 18) was 
quantified using the surveyed data. Criterion 19 considers the net present cost and benefit of the four 
strategies implementation. For net present cost and benefit estimation, the following factors were 
considered (after [37]): 
▪The infiltration starts in 2008 with 9.7 Mm3 of treated water and with an increase of infiltration by 
0.08 Mm3 per year according to the strategies. 
▪ The estimated operation & maintenance (O & M) cost (water transfer, pumping of water, cleaning 
of infiltration basin etc.) for MAR is $0.14/m3. 
▪ The cost of abstracting recharged water by wells is $0.11/m3. 
▪ The cost of the land (80,000 m2) for the infiltration basin is $100,000 and was considered at the 
beginning of 2005, as the ponds were planned to be constructed in this year. 
▪ The cost of construction of the nine infiltration ponds and water-pumping infrastructure is 
$4,000,000 and was considered in the estimation at the beginning of 2005. 
▪ The opportunity cost will be represented mainly by the land that will be used to construct the 
infiltration basins. Since the area is an agricultural area and the net return per 1000 m2 (1 dunam) 
from various agricultural products (mainly vegetables and citrus) per year is $562, then the 
opportunity cost of the land (80,000 m2) is $44,960. The lake or the lagoon is planned to close down 
by year 2018. The area occupied by it is 100,000 m2. Considering the area will be used for agricultural 
production, it would produce an annual benefit $56,200 per year starting from the year 2018. 
▪ The gains from improving water quality is calculated as the cost of desalinating brackish water of 
30% of the private well if the MAR is not implemented (Sc-1). The cost of desalinating brackish 
water is considered as $0.36/m3. 
▪ The cost of abstracting ground water by wells is $0.11/m3 due to groundwater lowering in Sc-1  
after 2007. 
▪ As a safety measure, $0.01/100 m3 of recharged water was considered as unforeseen cost due to 
implementation of MAR. 
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▪ The net benefit from the stored water was estimated considering the people’s willingness to pay  
($0.37/m3). 
▪ The discount rate to calculate net present value was assumed to be 3% and assumed to be constant 
over all years of the project. 
▪ No cost for wastewater treatment facilities was considered, as the local authority already considered 
this cost during the economic feasibility of the NGWWTP [14]. 
The cost estimation was done using an economic model based on a spreadsheet. 
5.5. MCDA Analysis and Ranking of Options 
After quantification of all the criteria, the normalized matrix was prepared for multicriteria analysis. 






Here, NV denotes normalized value, Max and Min indicate the maximum and minimum value among 
the values to be normalized, respectively. We use Equation 1 to normalize all criteria values. 
5.5.1. Criteria Aggregation Methods: Weighted Linear Combination (WLC) 
WLC combines the criteria and provides the ranking. WLC is the most simple and commonly used 
aggregation method in decision analysis [35]. 
)(xsw  )S(x ijji ⋅=   (2)
where, wj is a normalised weight; and Σ wj = 1; and sj(xi) is the normalised criteria function. 
After receiving the criteria weights and preparing the evaluation matrix, the role of WLC is to  
perform weighted summation for each group of criteria at all levels of the hierarchy until the strategy  
ranking achieves. 
5.5.2. PROMETHEE 
PROMETHEE, developed by [39], is a nonparametric outranking method for a finite set of 
alternatives. The method was later extended by [40,41]. PROMTHEE I gives partial ranking and 
PROMETHEE II provides a complete ranking of the strategies by using the net flow [42]. The details of 
the procedure can be found in many sources such as [39,43–45]. 
6. Results Analysis 
6.1. Environmental Criteria 
The simulations show (see Figure 4a) that the maximum average GWL rise in the study area is 6 m 
by the year 2028 with respect to “Do nothing” (Sc-1). At the end of 2040, the GWLs are estimated to be 
−2.61 m, 0.81 m, and 3.57 m above sea level (ASL) for Sc-1, Sc-2 & Sc-3, and Sc-4, respectively.  
3%–5% of the infiltrated water may flow to Israel each year under the simulation condition of Sc-2 and 
Sc-3, whereas this outflow was estimated to be 7%–15% per year for Sc-4. The inflow to the study area 
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from the Israeli side will be reduced by 20%, for both Sc-2, Sc-3 and by 30% for Sc-4. Due to the 
infiltration of treated wastewater, the groundwater level below the infiltration basin would increase and 
would cause the fresh water flow to be reduced from the Israeli side. 
Figure 4b shows the average chloride concentration in the study area for the four strategies. The model 
results show the average chloride concentrations at the end of 2040 are 522 mg/L, 426 mg/L, and  
400 mg/L for Sc-1, Sc-2 & Sc-3, and Sc-4, respectively. Figure 4c shows the average nitrate (expressed 
as NO3-N) concentration in the study area for the four strategies. The average nitrate concentrations at 
the end of 2040 are 82.27 mg/L, 67 mg/L, 59 mg/L, and 44 mg/L for Sc-1, Sc-2, Sc-3, and Sc-4, 
respectively. Implementation of Sc-4 will therefore provide storage in the aquifer with a maximum value 
of 23 Mm3 per year after the full implementation of north Gaza wastewater treatment plant (NGWWTP), 
Phase 3 (year 2025). 
Figure 4. (a) Average groundwater level; (b) average chloride concentration and  
(c) average nitrate concentration in the study area during year 2005 to year 2040 for the four 
MAR strategies.  
 
(a) (b) (c) 
6.2. Health Criteria 
A total of 10 domestic wells are located within the study area. Figure 5a shows the average chloride 
content of the 10 domestic wells for the four strategies until the year 2040. The average chloride 
concentrations at the end of 2040 are 555 mg/L, 528 mg/L and 407 mg/L for Sc-1, Sc-2 & 3, and Sc-4, 
respectively. In the case of Sc-1, the average chloride concentration in all domestic wells increases until 
the year 2040. In the case of Sc-2 & 3 and Sc-4, the average chloride concentration increases until the 
year 2035 and 2030, respectively, and then the chloride concentration decreases. Figure 5b shows the 
average nitrate content of the 10 domestic wells for the four strategies until the year 2040. Minimum 
nitrate concentration was observed in case of Sc-4. The average nitrate concentrations at the end of 2040 
are 90 mg/L, 72 mg/L, 68 mg/L, and 49 mg/L for Sc-1, Sc-2, Sc-3, and Sc-4, respectively. 
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Figure 5. (a) Average chloride concentration; (b) Average nitrate concentration in the ten 
domestic wells for the entire simulation period (year 2005 to year 2040). 
 
(a) (b) 
6.3. Social Criteria 
The survey results indicate that 86% of the respondents agreed to reuse wastewater for agricultural 
purposes whereas 67% and 42% agreed to reuse wastewater for industrial and domestic purposes, 
respectively. Results also show that respondents are willing to pay very little for the infiltrated water 
regardless of use and claim to be able to afford very small fees. The inhabitants are willing to pay  
a maximum $0.37/m3 to use wastewater for irrigation (Figure 6). The survey results indicate that  
the distribution of acceptance and satisfaction of the public is similar throughout the various MAR 
strategies. In terms of satisfaction with the water quality, perceptions range from being satisfied to fairly 
satisfied with Sc-3 and Sc-4 having the greatest level of satisfaction. 
Figure 6. Willingness to pay of the respondents for the MAR strategies for different usage. 
 
6.4. Economic Criteria 
In the study area most of the people depend on agriculture, and many youths and women participate 
in agricultural activities. The agricultural activities in the study area depend on the groundwater 
irrigation. Hence, it is important to carefully review the water price (tariffs) for project feasibility. The 
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survey results indicate that the respondents cannot afford to expend more money in order to use the 
benefit gained due to implementation of Sc-2, Sc-3 and Sc-4. 
High investment cost is an important factor that makes a big difference between MAR strategies  
(Sc-2, Sc-3 and Sc-4) and the “Do nothing approach” (Sc-1). From the net benefit (cost-benefit) 
estimation (Figure 7), the implementation of a MAR strategy would be beneficial after year 2022 in case 
of Sc-4 and after year 2024 in case of Sc-2 and 3 (Figure 7). Sc-4 returns the most benefit due to its 
extended amount of infiltration volume even after year 2012. The net present values of the strategies 
(years 2005–2040) are $10.2 M for Sc-2 and Sc-3 and $28.4 M for Sc-4 whereas for Sc-1 the value is 
−$32. 0 M (negative sign indicates net cost). That is, there is a $60.4 M PV net benefit of switching from 
strategy Sc-1 to Sc-4 or a $42.2 M PV net benefit of switching from Strategy Sc-1 to either Sc-2 or Sc-3. 
Figure 7. Net benefit analysis for the four MAR strategies. 
 
7. Strategy Comparison and Ranking 
Figure 8 shows the performance of the four strategies according to the main criteria group (level-2). 
It is clear from the figure that Sc-4 performs the best in environmental, health and social criteria and Sc-1 
performs the worst in these cases. Sc-2 performs better that Sc-3 according to the social and economic 
criteria but performs worse than Sc-3 for environmental and health criteria. People’s affordability, 
convenience, and acceptance of wastewater seem important for the ranking. The final ranking was 
achieved after combining the main criteria groups (level-4) and the ranking is Sc-4 > Sc-3 > Sc-2 > Sc-1. 
It was found that Sc-4 performs best for all the quantified detailed criteria with the following 
exceptions; average chloride concentrations in domestic wells over the study period, satisfaction with 
domestic water quality, willingness to pay and affordability to pay. These deviations are due to 
temporarily increased salinity of domestic wells in specific locations due to changed flow directions and 
variable salinity in the aquifer.  This also influences criteria for satisfaction with domestic water quality 
for users of those domestic wells, and willingness to pay. Sc-4 also has the highest capital costs of all 
options (affecting affordability to pay), although the net benefits are greatest.  For these specific criteria, 
only the “Do Nothing Case” (Sc-1) performs the best, although for other criteria it performs very poorly 
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PROMETHEE I partial ranking also confirms that Sc-4 performs better than the other strategies.  
No out-ranking relation does exist between Sc-2 and Sc-1; and Sc-1 and Sc-3. PROMETHEE II ranking 
is similar to that observed using WLC method.  




8.1. Criteria Quantification 
8.1.1. Environmental Criteria 
The Sc-1 (“Do Nothing Approach”) indicates continuous groundwater level mining over time, 
whereas Sc-4 indicates higher groundwater development than the other three strategies. Similarly, 
among the four strategies, Sc-4 shows better conditions in terms of inflow from the sea to North Gaza. 
Infiltration of excess treated wastewater even after 2012 might help Sc-4 to get more environmental 
benefit. In general, the problem of water flow from the sea will remain under control by the infiltration 
of all MAR strategies. It is clear from the results that Sc-1 (“Do Nothing Approach”) will lead to 
deterioration of groundwater quality (i.e., chloride and nitrate increase) with time. However, for other 
strategies, the groundwater quality will improve with time. The long-term effect of groundwater flow 
might also control the groundwater quality in the study area as the distribution of chloride and nitrate in 
North Gaza and the nearby Israel border is complex. 
From the groundwater model simulation, we delineated a zone of ca. 200 m from the edge of  
the infiltration basins receiving the infiltrated water with a residence time of ca. six months. Regarding 
pathogenic bacteria, residence time of more than 6 months is recommended [46]. In the study area, no 
domestic wells exist within these 200 m. 
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8.1.2. Health Criteria 
The impact of managed aquifer recharge projects on domestic wells is very sensitive to the population 
living in the area. The simulation result for Sc-4 shows a significant chloride concentration decrease in 
the study area at the end of the year 2040 in comparison to Sc-1, Sc-2 and Sc-3. By analysing the chloride 
concentrations in all domestic wells and comparing them with the “Do Nothing” strategy, observations 
show that the impact on chloride concentrations in all wells will be almost the same. Due to the 
groundwater flow direction of the infiltrated treated effluent, this would also impact the domestic wells. 
The increasing trend in the domestic well chloride concentration is due to the higher chloride 
concentration in the infiltrated water than the native groundwater and groundwater flow direction. In 
general, the nearby aquifer of the wells and the aquifer beneath the infiltration basin display higher 
chloride concentration. The infiltrated water would displace this water towards the domestic wells and 
the chloride concentration rises at the wells. The infiltrated water replaces the worse quality water and 
chloride concentrations at the wells are expected to decrease with time. 
The nitrate concentration at the locations where the domestic wells are located is comparatively higher 
than the nitrate concentration below the infiltration pond and the nitrate concentration in the infiltrated 
water. The nitrate concentration in all domestic wells will be slightly improved. 
8.1.3. Social Criteria 
In general, the inhabitants are willing to pay more if fully treated wastewater is reused. Respondents 
do not agree to use the infiltrated water for domestic purposes but they have higher acceptance to use 
this water for agricultural or industrial purposes. The reuse of treated wastewater for irrigated agriculture 
would save higher quality groundwater water for drinking water supply and subsequently may solve 
some environmental problems. The health and religious aspects could be a major concern of people of 
Gaza to reuse wastewater [13]. The study found that the education level, standard of living and the 
environment might be key issues in order to convince the people of Gaza to reuse wastewater in agriculture. 
8.1.4. Economic Criteria 
Implementation of Sc-4 would lead to the maximum benefit. Reuse of wastewater would offer the 
release of corresponding fresh water resources and will help to expand the overall irrigated area by 
providing more water to irrigate lands. Hence, the livelihood of the residents may improve. Besides the 
above-mentioned benefits, more indirect benefits may be gained from improving groundwater quality. 
These are increased safety and the benefits generated from freeing the land that the current effluent 
lagoon occupies as well as the other subjective benefits related to seawater intrusion. Finally, the MAR 
project would create many other supported jobs e.g., related to MAR operation and agricultural activities etc. 
8.2. Strategy Comparison and Ranking 
According to the analysis using WLC and PROMETHEE, the same rankings of options were 
achieved. The comparison of water management options showed that increasing investments in 
wastewater collection, treatment, and later MAR would result in an improved water management 
strategy performance with regards to the considered environmental, social, and health criteria. Obvious 
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drawbacks are the investments for infrastructure and their impact on economic feasibility. This should 
be discussed in greater depth and should be based on comprehensive cost-benefit analysis (CBA) and 
cost effectiveness that should refer to cost minimization and the related environmental and health 
benefits, which are fundamental to guarantee the sustainable development of the Gaza Strip. 
9. Conclusions and Recommendations 
The present study clearly shows the importance of environmental, health, social and economic impact 
assessment of MAR strategies performing a case study in North Gaza. The integrated approach of 
combining field campaign, methodological analysis and mathematical modelling has been proven to be 
effective for a multicriteria decision analysis. In order to increase water supply and to combat water 
scarcity, water pollution, and health problems at the Northern Gaza Strip, appropriate water resources 
planning and management measures are urgently required. Reuse of the treated effluent by MAR would 
strengthen agricultural development and result in increased groundwater availability for domestic and 
industrial use. The reuse of treated effluent has already been adapted in the national Water Policy for the 
Gaza Strip [47]. The present study shows that the so-called “Do Nothing Approach” is no real option for 
Northern Gaza, contributing to further groundwater level decline and groundwater quality deterioration, 
and increasing health risks for the population of Gaza. The performance analysis of the developed water 
resources planning and management strategies clearly shows that managed aquifer recharge by 
infiltration ponds with proper treatment of the effluents is a viable response to the increasing water 
resources problems of the region. In order to maximize project benefit, optimal pond operation based on 
practical experiences and regular cleaning of the pond is required to avoid clogging of the pond bed. 
Application of several MCDA analysis methods probes the robustness of the ranking analysis. 
Ten domestic wells will be affected over time due to displacement of relatively low quality 
groundwater towards the abstraction wells. However, with time, the low quality water will be replaced 
by the nearby infiltrated water. Special care for water recovery should therefore be planned to protect 
the existing domestic wells. Another option could be to use the affected domestic wells for agricultural 
use and use the nearby unaffected wells for domestic water supply. Nevertheless, regular water quality 
monitoring of abstracted water and efficient recovery wells should be considered. Tremendous effort is 
required to increase public awareness for wastewater reuse. Adequate water pricing should be made 
considering the level of income and economic feasibility of the MAR project. 
Additional investments should be undertaken for better maintenance and to further extend the 
wastewater collection network as well as the capacity of the NGWWTP at the Israeli border, 
accompanying the rapidly increasing wastewater production. Furthermore, managed aquifer recharge 
contributes to the control of seawater intrusion and groundwater salinity. 
Due to the unavailability of scientific data, a variable-density groundwater flow model was not 
considered in this case study. As the objective of the study is not to quantify salinity intrusion, rather 
compare different management scenarios, the fresh water flow model is sufficient. In order to investigate 
the effect of MAR strategies on saline groundwater intrusion into the coastal aquifer, a variable-density 
groundwater flow model is recommended. 
The approach and techniques used in this study can be applicable not only to MAR project 
implementation but also to other water resource development projects. 
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